Abstract. Ski jump is one of the most e ective structures in energy dissipation over spillways. Spillways have long been of practical importance to safety of dams. The major criteria in hydraulic design are based on the analytical and empirical methods. In the current study, in order to increase chute spillway e ciency, a multi-objective evolutionary algorithm known as the Non-dominated Sorting Genetic Algorithm II (NSGA-II) has been utilized to design the optimal triangular bucket angle and chute width. In design method, two separate objective functions have been used. In the rst objective function, equations of dynamic pressure of the bucket, the jet length after bucket, and the scour depth have been used. The second objective function is related to construction volume of chute spillway. For calibrating the rst objective function, characteristics of Karoon III dam have been used as a case study. The di erence between design parameters of Karoon III spillway and those from NSGA-II algorithm method is less than 12 percent. According to the results, if the jet length is considered as the most impressive parameter in the rst objective function, design of the spillway becomes frugal.
Introduction
In hydraulic engineering, structures like stilling basins, ba ed aprons, and vortex shafts are used as energy dissipaters [1] . The main role of these structures is to transform or dissipate excessive energy of uid ow. Ski-jump dissipaters are utilized in situations where the kinetic energy of ow is high and can cause damages like erosion in the tail water channel, abrasion of hydraulic structures, and production of destructive waves downstream.
Most researches on this eld have been done on circular buckets. Juan and Hager [2] experimentally investigated the e ect of Froude number and bucket geometry on dynamic pressure distribution for circular ip buckets and compared the results with theoretical equations. Heller et al. [3] extended Juan and Hager's [2] circular ip buckets experiments in order to study pressure distribution at the bottom of bucket, ow characteristics for di erent geometries, and Froude numbers. Their attempts resulted in providing equations for calculation of value and location of maximum pressure. Moreover, they computed jet pro le downstream of ip bucket and investigated the e ect of the both inlet Froude number and bucket radius on jet trajectory. Steiner et al. [4] conducted similar experiment to that of Heller et al. on triangular ip bucket. They compared parameters like the dynamic pressure on bucket and dissipation of energy between the triangular and circular buckets. In another research, P ster [5] considered di erent slopes of upstream and downstream channels in his experiments and proposed an equation for length of ski-jump. P ster [6] assessed the jet takeo angle and developed an equation by considering the e ect of chute spillway slope. Hojjati [7] validated a numerical model (triangular bucket) with Steiner et al. [4] data. Then, he studied dynamic pressure on the bucket, length of jet after the bucket, the energy dissipation, and scour depth.
As one of the valuable researches using genetic theory for ip buckets, it can be referred to studies of Azamthulla et al. [8] who could successfully employ Genetic Programming (GP) in estimation of downstream scour depth. A general multi-objective optimization problem includes a series of objectives and it is related to a number of inequality and equality constraints. Non-dominated Sorting Genetic Algorithm (NSGA) which was suggested by Srinivas and Deb [9] was one of the rst evolutionary algorithms. Deb et al. [10] proposed a far more improved version of NSGA called NSGA-II. They said that \because of NSGA-II's low computational requirements, elitist approach, and parameter-less sharing approach, NSGAII should nd increasing applications in the years to come". In this paper, NSGA-II method is utilized for optimization of multi-objective function. This method has been implemented for some successful studies: Reddy and Kumar [11] used Multi-Objective Di erential Evolution (MODE) method for optimization of reservoir and compared it to NSGA-II. Considering the e ect of resource leveling and allocation of strategies on total time and costs of projects, Zahraei and Tavakolan [12] applied two concepts of time-cost trade-o and resource leveling and allocation in a stochastic multi-objective optimization model minimizing the total project time, cost, and resource moments. NSGA-II algorithm has been used to solve the optimization problem. Malekmohammadi et al. [13] optimized series reservoir with short-term objective of ood control and long-term objective of supplying series of river-reservoir by NSGA-II algorithm. For ranking the model results, ELECTRE-TRI is used. According to the results, ELECTRE-TRI is capable of ranking the results of multi-objective optimization model. Behzadian et al. [14] presented a new method for water quality management in water distribution systems by applying NSGA-II algorithm for multi-objective booster chlorination.
Regarding ski-jump spillways, it can be concluded that, so far, most researches have been carried out experimentally; they were related to circular buckets. These buckets are usually designed based on empirical equations and with the help of a costly-scaled model. The triangular bucket was rst introduced by Steiner et al. [4] . Due to its simple construction, it can be a proper substitute for circular shaped buckets. The angle of de ection is one of the main parameters in bucket design due to the fact that it a ects some other important variables, like dynamic pressure distribution on a bucket, jet length, energy dissipation, and scour depth. In this article, a novel approach is provided for designing a ip-bucket. In this method, bucket angle and width of chute spillway are obtained by NSGA-II multi-objective optimization algorithm. In NSGA-II algorithm, it has been attempted to decrease dynamic pressure, scour depth, volume of material which are used in spillway construction and increase jet length in an optimal way. In order to design based on the suggested method, some inputs including design discharge of the spillway and downstream depth for calibrating the equation are needed. This method is completely general and applicable to all triangular bucket spillways. Also, if dynamic pressure, scour depth, and jet length equation of circular ip-bucket are used in the rst objective function, this method can be used for this kind of ip-bucket as well.
Tools and methods
The underlying aim of all optimization problems is to decrease the cost and increase the bene t. This cost and bene t analysis can be de ned as a function of decision variables.
Among all optimization methods inspired from nature, the Genetic Algorithm is one of the most fully-edged approaches. In this algorithm, the process starts by generation of an initial population using random initial search points [15] .
Non-dominated Sorting Genetic Algorithm NSGA-II is a kind of multi-objective genetic algorithm that was introduced by Deb et al. [10] . In NSGA-II algorithm, multi-objective evolutionally classic algorithm's mistakes were corrected by non-dominated sorting and sharing parameters. Their mistakes are as follows: 1) computational complexity (mN 3 ) in which m is number of objectives and N is population size. In other words, by increasing population and sorting each generation, computational cost of evolutionary classic algorithms will severely be increased. NSGA-II method uses non-dominated sorting with computational complexity mN 2 . 2) To reach optimal results, elitism method is not used. In this method, for creation of a new generation, good population of the previous generation was used. This approach has a better performance and converges faster to optimal result. 3) The need for specifying a sharing parameter.
Since NSGA-II algorithm has been explained elsewhere, the details are not discussed in this paper.
In this research, in order to obtain an optimum angel of bucket and chute spillway width, a Nondominated Sorting Genetic Algorithm II (NSGA-II) has been used. The multi-objective algorithm NSGA-II code is written in Matlab programming language. By getting inputs including design discharge of spillway, Froude number in chute spillway, upstream and downstream depth, this algorithm obtains the optimal value of input depth (h 0 ), input velocity (V 0 ), and bucket angle ( ). Finally, chute spillway width is calculated by (B = Q h0V0 ).
Case study
In this paper, to form the objective function, Hojjati's [7] equations are used. As characteristics of his numerical model were in accordance with geometrical and hydraulic properties of the largest spillway of Karoon III, the results have been compared to features of this dam. Karoon III dam ( Figure 1 ) has been built on Karoon River in south of Iran. The dam is a concrete arch structure with height and storage capacity of 205 m and 2750 million cubic meters, respectively [16] . It consists of 3 spillways: 1) gated chute spillway as the main spillway located on the righthand side; 2) ori ce spillway provided as maintenance spillway which is located on the dam body; 3) crest spillway without an embedded gate for emergency conditions [16] . The initial design values for the largest chute spillway discharge rate and Froude number, respectively, are 4917 m 3 /sec and 2.2. The chute spillway length and width are 117 and 15 meters, respectively.
As the bucket of this dam is circular, the parameters have to be modi ed for triangular buckets according to the following steps: 1. For transforming R and (radius and angle of the circular bucket) to w and (height and angel of bucket), Eq. (1), which is obtained through geometrical relation, is used (as shown in Figure 2 ). Note that all the angles in this article are in degrees: w = R(1 cos ) and = :
Putting Karoon III spillway dimensions in Eq. (1) (R = 30 m, = 30), the triangular bucket height and angle would become 4 m and 30 degrees, respectively. 2. To nd equivalent dynamic pressure for triangular bucket, maximum hydrodynamic pressure of the circular bucket is multiplied by parameter pm (the ratio of maximum pressure of the triangular to circular bucket) [4] . Value of pm for the largest chute spillway of Karoon III, as it is indicated in Figure 3 , is equal to 1.75. Using this coe cient, the maximum dynamic pressure head for a triangular bucket becomes 56.55 m. Figure 4 shows the sketch of experimental set up performed at Water Research Centre [16] in which is the de ector angle, w is the bucket height, s is the distance from the edge of bucket to the bottom of tail water channel, V 0 is the approach ow velocity, h 0 is the approach ow depth, and a 0 and a u are lower and upper jet takeo angles. Also, the elevation di erence (s w) between the approach ow and the tail water is constant.
The objective functions de nition
In this research, a multi-objective optimization algorithm (NSGA-II) of Deb et al. [10] is used.
Here, two independent objective functions are used for designing chute spillway width and angle of triangular bucket. The rst function, f 1 , consists of scour depth, dynamic pressure head over bucket and jet length, while the second function, f 2 , is related to construction volume of chute spillway. Objective function, f 1 , is de ned as follows: f 1 = w h hp=hp max + w z ze=ze max w l lj=lj max : (2) Here, f 1 represents the objective function, hp represents the maximum dynamic pressure head on the bucket, ze represents scour depth, and lj represents the jet length. Subsequently, these parameters have been de ned. Other parameters including w h , w z , and w l are related to the maximum dynamic pressure weight, scour depth weight, and jet length weight, respectively.
Hojjati [7] proposed three equations as the outcome of study on 81 test cases:
I Eq. (3) shows that when Froude number, the inlet ow depth, and bucket angle increase, the maximum dynamic pressure on the bucket increases (as these parameters increase, the velocity gradient along the bucket becomes larger).
II. Jet length: lj h 0 = d:Fr e : (tan( )) f ;
where lj is jet length, d, e, and f are presented by Eqs. (8), (9) upstream velocity and g is acceleration due to gravity), with increase in Fr or h 0 , the velocity of ow, and consequently the jet length would increase. Also, it is obvious for jet length to be independent of bucket height, because height variation just changes bucket length whose e ect on energy dissipation is negligible. III. Scour depth:
For estimation of scour depth and geometry, many empirical equations have been proposed from which Sen's [17] 
where ze represents nal scour depth, represents jet impact angle, H T represents downstream head, q represents discharge per unit width, and 1 is angle of jet impact at upstream side ( Figure 5 ). These parameters belong to circular buckets; therefore, they are modi ed by Hojjati [7] for triangular buckets according to the following steps: According to this equation, jet impact angle is a function of bucket geometry and upstream hydraulic conditions. 2. As it is shown in Figure 6 , calculation of 1 requires u to be available. The latter variable can be yielded from Eq. 
Note that in Table 1 
Results and discussion
After sensitivity analysis, parameters of NSGA-II are determined as: initial population = 20 chromosomes. This value is obtained through trial and error. It is the minimum initial population by which the most optimal answer can be attained. It means that if the initial population is increased, program application will take more time, but the optimal result will not change. Also, crossover probability = 0.9, SBX index in NSGA-II algorithm = 0.5, number of genetic algorithm generations = 150. According to Table 2 , ve states have been considered for analyzing the data. According to Table 2 , ve di erent states have been taken into consideration for analyzing the obtained data. Table 3 shows the results of state no. 1 (considering equal weights for parameters of objective function f 1 ). In this table, the least value of the second objective function (f 2 ) is estimated as 0.93. It means that by using NSGA-II algorithms in spillway design, material volume can be reduced by 7%. The amount of dynamic pressure and scour depth in this state is close to maximum values for Fr = 2:2 which does not sound satisfactory. The jet length is only 9% less than its maximum value. The table shows that increasing the materials volume (increasing the cost) will improve parameters of the rst objective function (f 1 ). Evaluation of the bucket angle demonstrates that with equal weighting coe cients, the optimum angle of bucket becomes 30 degrees. The reason behind the invariable angle, despite variable cost and approach depth, comes from the e ect of dynamic pressure. Keeping weighting coe cients constant reduces the pressure head by 45 m. This amount can be satis ed with 30 degrees bucket angle. However, the least pressure head occurs at Fr = 2:2 which is 36 m (the value has been obtained through minimizing the objective function, hp, by NSGA-II algorithm). Table 3 indicates reduction of scour depth and pressure on the bucket due to an increase in spillway depth. This increase is restricted because of its e ect on increasing f 2 and decreasing jet length, so a proper width will be chosen on the basis of project's nancial condition. Figure 8 shows the curve corresponding to interaction of functions f 1 and f 2 for state no. 1 in Table 2 . According to this gure, equal weights in the objective function (f 1 ) can produce maximum value of 1.69 for the second objective function (f 2 ).
In order to validate the design method, the results of state no. 1 have been compared to design characteristics of Karoon III dam. Results presented in the rst row of Table 3 are very similar to the design parameters of Karoon III spillway. This row indicates that spillway design using NSGA-II algorithms reduces the volume of materials by seven percent (f 2 = 0:93). The results of this row are compared with the design characteristics of this spillway in Table 4 . This table shows small and reasonable di erence between design parameters of NSGA-II approach and a real case (less than 12%). The largest discrepancy is seen in pressure parameter which should be due to the process of transforming the circular bucket dimensions to triangular one with the use of empirical equations (for example, using pm for computing the dynamic pressure of triangular ip bucket).
According to Table 5 , with increasing w L , while the e ective parameter in objective function is L j (state no. 2), the jet length ranges from 130.8 to 143.3 meters (the maximum jet length for Fr = 2:2 is 143.9 m). Assessing the rst and fourth rows of this table indicates that the rise of the second objective function by 14% leads the jet length to increase by 10%, whereas the pressure and scour depth go down by 10% which seems to be not cost-e ective. Based on the results of this table, by considering the second state for weight of objective function, f 1 , the bucket and spillway design becomes more satisfactory. In this state, due to small weight for pressure parameter, the bucket angle becomes 30 degrees again. A closer look at Table 6 (state no. 3) demonstrates the fact that by increasing w h , as the main parameter in the objective function, hp, the pressure head ranges from 64.2 to 33.9 meters (minimum dynamic pressure head for Fr = 2:2 is 33.9 m). The results of this table show that getting a pressure head less than 45 meter requires the bucket angle to be smaller than 30 degrees. It can also be noticed from the results of Section 3 (in this section, the reduction of bucket angle and approach ow depth caused the dynamic pressure on bucket drop down) that if minimizing the pressure parameter is desired, depth of the angle and inlet ow will become less than their values in state no. 2, and this makes the spillway become remarkably wide.
Additional information that can be deduced from Table 6 includes conditions of a state with pressure head below 40.5 m in which the spillway width exceeds 34.2 m. It indicates that in such conditions, wider spillway is needed to be designed which is not economic. However, reduction of scour depth (due to reduction of bucket angel and ow velocity) is frugal. As a result of decline in velocity and pressure of the ow, the bucket maintenance costs would go down (velocity decline reduces the risk of cavitation and consequent damages). One should notice that by reducing the bucket angle and the ow depth, the jet length becomes shorter. It is not appropriate and should be taken into consideration in process of the design. Table 7 illustrates that if the e ective parameter, w z , in the rst objective function, ze, rises (state no. 4), the scour depth will change from 25.2 to 13.33 m. The table shows that in order to have a shallow scour hole, a wide spillway is needed which is not a coste ective solution. In this state, the low weight for pressure parameter results in bucket angle of 30 degrees for di erent cases. This set up presents a 36.5 m wide spillway and scours depths of less than 16.85 m which is not a cost-e ective design. Table 8 contains design values for a spillway with weighting coe cients of state no. 5: Q = 1762 m 3 /sec, Fr = 3:2, and w = 4 m. By using single objective optimization method, the values of hp max , lj max , and ze max become 73.8, 162, and 33.3 meters, respectively. The cost (construction volume of chute spillway) and width of chute spillway are expected to decrease the designed discharge which is reduced by 70%. Also, due to constant weighting coe cients, the bucket angle changes according to state no. 1.
Conclusions
In this paper, a NSGA-II algorithm, which solves multiobjective problems, is utilized in optimal design of the width of a chute spillway and angle of a triangular ip bucket. A design method is introduced which performs a two-objective optimization through de ning two separate objective functions. For validation process, results of objective function, f 1 , with equal weighting coe cients are compared with design conditions of Karoon III dam. Investigation of equally chosen weighted parameters in objective function, f 1 , shows that the optimum bucket angle obtained by NSGA-II algorithm is equal to 30 degrees for di erent costs and inlet ow depths. The di erences are less than 12% which go to the pressure parameter. According to the investigation results, giving more weight to the jet length parameter in objective function will make the design of the bucket and spillway more suitable. If the pressure head is considered as the most e ective parameter in the rst objective function, it is not a cost-e ective approach; however, the reduction in scour depth brings about a positive nancial outcome. Moreover, this decline in velocity and pressure causes the maintenance cost to decrease. Finally, if the most e ective parameter in objective function, f 1 , is considered to be the scour depth, it is observed that to have a shallower scour depth, a wider spillway is needed which is not coste ective. 
